Regenerating spheroplasts of Candida albicans formed organized glucan nets in liquid culture. The nets consisted of interwoven microfibrils about 50 nm wide, but of an undetermined length. Partial acid hydrolysis of the polysaccharide showed the presence of chains of p(1+3)-and p( 1 -+6)-linked glucose residues, but no intrachain p( 1 -+ 3) and p( 1 ' 6) linkages. Periodate oxidation and GLC of the methylated glucan indicated a highly branched polymer (9.5% branch points). Sequential enzymic degradation of the isolated nets confirmed the presence of chains of p( 1 + 3)-and p( 1 -+ 6)-linked glucose residues. Degradation by (1 -+ 3)-p-and (1 -+6)-P-glucanase released 23% (w/w) and 30% (w/w) respectively of the carbohydrate as glucose equivalents. The residual material was degraded by chitinase. Equal amounts of N-acetylglucosamine and glucose equivalents were detected in the chitinase hydrolysate, suggesting a possible linkage between glucan and chitin. Our data indicate that the cell wall of C. albicans contains at least two highly branched glucans with predominantly p( 1 +3) or p(1-6) linkages.
INTRODUCTION
Candida albicans is an opportunistic human pathogen which exhibits dimorphism. Transition from the yeast to the mycelial form is accompanied by changes in cell wall architecture and composition (Cassone et al., 1979; Sullivan et al., 1983) . The fungal wall represents the most obvious difference between pathogen and host cell, both of which are eukaryotic; hence, the wall is a potential target for antifungal agents. Changes in wall glucans during growth result in the appearance of polyene resistance (Cassone et al., 1979) . There are only two reports on the nature of C. albicans wall glucans (Bishop et al., 1960; Yu et al., 1967) , and these indicated a predominance of p( 1 +6) linkages. However, the glucan isolated was the alkali soluble fraction which is a minor component ( < 20%) of the total glucan (Sullivan et al., 1983) . We have recently described the metabolism of spheroplasts of C. albicans during wall regeneration (Gopal et al., 1984) . In this communication we describe the analysis of the glucan fraction isolated from regenerating spheroplasts.
M E T H O D S
Organisni and culture conditions. Candida albicans ATCC 10261 was used throughout this work. It was propagated and maintained on malt extract agar slopes. Yeast cells of C. albicans ATCC 10261 were prepared in shake culture using glucose as the carbon source as previously described (Shepherd & Sullivan, 1976) . Midexponential phase cells (16-18 h) were harvested and washed by centrifugation. These cells were used throughout the study and are referred to as intact yeast cells.
Chemicals. Lyticase preparation was purified from culture supernatants of Oerskouia xanthionolyfica by a procedure based on that described by Scott & Schekman (1980) . Zymolyase 5000 was purchased from Kirin Brewery Co., Takasaki, Japan. a-Amylase (from human saliva), pancreatin, chitinase and gentiobiose were purchased from Sigma. Laminarin was obtained from the US Biochemical Corp., Cleveland, Oh., USA. Pustulan was from Calbiochem. Endo-(l+6)-P-glucanase was a gift from Dr E. T. Reese, US Army Laboratories, Natick, Mass., USA. Laminara-oligosaccharides and laminaribiose were gifts from Dr R. J. Sturgeon, Herriot-Watt University, Edinburgh, UK. 2,3,4,6-Tetra-O-methylglucose was purchased from Koch-Light. ~-[U-l~C]Glucose (230 mCi mmol-l; 8.51 GBq mmol-l) was obtained from Amersham.
Regeneration of spheroplasts. Spheroplasts were prepared from yeast cells as described by Poulter et al. (1981) using the lyticase from 0. xanthionolytica, and were regenerated in 5.0 mM-glucose for 6 h by the procedure of Gopal et al. (1984) . For the analysis by enzymic hydrolysis (see below), spheroplasts (8 x 10') were regenerated for 6 h at 35 "C with [14C]glucose (3 pCi) in 20 ml 0.5 M-MgSO, containing 0.1 M-Tris/HCl, pH 7.2.
Isolation andpurifcation of glucan from regenerated spheroplasts. The regenerated spheroplasts were harvested by centrifugation and washed once with distilled water. The cells were resuspended in distilled water, together with 0.5 mm glass beads (1 :2 :2, w/v/w). A cell-free extract was obtained by shaking the mixture at 4000 r.p.m. in a Braun homogenizer (B. Braun, Melsungen AG, FRG). The homogenate was filtered through a sintered glass funnel and the beads were washed free of any residual material with distilled water. The combined filtrates were centrifuged (3000 r.p.m.) to recover the wall fraction, which was purified by a modification of the procedure described by Kreger & Kopecka (1975) . The washed pellet was resuspended in 0.1 M-phosphate buffer, pH 7.2, containing 0.02 % sodium azide and chloramphenicol(5 pg ml-l). This suspension was incubated with 1 % (w/v) trypsin at 37 "C for 12 h. After washing with distilled water, the pellet was extracted with chloroform/methanol (2 : 1, v/v) on a gyrotary shaker (200 r.p.m.) at 37 "C for 6 h. The glucan nets were then washed with 95% (v/v) ethanol and, finally, with hot water to remove traces of cytoplasmic contamination. The purified glucan nets were lyophilized and stored at -20 "C.
Electron microscopy. An aqueous suspension of the purified glucan nets was placed on carbon-coated copper grids (3.50 mm; 300/75 mesh). After drying, the specimens were negatively stained in a 5% (w/v) uranyl acetate solution for 30 min and examined under a Siemens 102 electron microscope.
Chemical and structural analysis ofglucan nets: total acid hydrolysis. Isolated glucan (20 mg) was treated with 90:/, (v/v) formic acid (0.5 ml) at 100 "C for 1 h. The formic acid was then evaporated under vacuum and total acid hydrolysis was done by refluxing the residue with 2.5 M-H,SO, (5 ml) at 100 "C for 4 h. Solid BaC03 was added under nitrogen to neutralize the hydrolysate. The BaSO, was removed by filtration and the excess Ba2 + ions were removed with Dowex 50-H + . Monosaccharides were separated as their alditol peracetate derivatives (Borchardt & Piper, 1970) . For the GLC identification of alditol acetates, standards were prepared from rhamnose, xylose, arabinose, galactose, mannose, glucose, fucose and myoinositol.
Methylation analysis. Freeze-dried glucan nets (20 mg) were reduced by an aqueous suspension (10 ml) of sodium borohydride (50 mg) for 4 h at 18 "C. Excess sodium borohydride was removed by adding Dowex 50-Hf resin to give a pH value of 3-4, the suspension was filtered and the filtrate was concentrated to dryness. Methanol (10 ml) was added and the suspension was dried for 15 min at 105 "C. The dried material was placed in a 100 ml roundbottomed three-necked flask with a condenser, a rubber septum cap and an inlet for nitrogen. Dimethyl sulphoxide (20 ml) was added, dry nitrogen was passed through the flask, and the suspension was stirred with a magnetic stirrer. The flask was incubated in an ultrasonic bath at 70°C overnight to facilitate the complete dissolution of the material. The polysaccharide was then treated with dimsyl ion prepared according to the procedure of Conrad (1972) . The methylation reaction was done by the procedure of Hakamori (1964) as modified by Bouveng & Lindberg (1965) . Three methylations were done on each sample, and the reaction was monitored by the loss of hydroxyl absorption at 320&3500 nm in a Perkin-Elmer 421 grating infra-red spectrophotometer. The methylated material was insoluble in aqueous solutions and was therefore treated with 90 % (v/v) formic acid (10 ml) at 100 "C for 1 h. Excess acid was removed under vacuum. The residue was suspended in distilled water and then taken to dryness. This material was hydrolysed with 0.13 M-H,SO, (10 ml) at 100 "C for 16 h. The neutralized hydrolysates were converted to the alditol peracetate derivatives as described by Borchardt & Piper (1 970).
Periodate oxidation. Aqueous suspensions of the glucan nets, laminarin, pustulan and glycogen (1 5 mg) were treated with sodium metaperiodate (final concentration 0.13 M) at 4 "C in the dark. Oxidation was monitored at 222.5 nm (Aspinall & Ferrier, 1957) , and the formic acid produced was determined by titration with sodium hydroxide (Hay et al., 1965) .
Partial acid hydrolysis. Partial acid hydrolysates of the regenerated glucan nets, glycogen, laminarin and pustulan were prepared by the method of Peat et al. (1958) . Samples of each glucan (10 mg) were heated with 0.12 ml of 90% (v/v) formic acid in stoppered round-bottomed flasks at 100 "C. After 25 min, a further 0.04 ml of 90% (v/v) formic acid was added and each mixture was heated for another 15 min. The formic acid was removed by rotary evaporation, 1.5 mlO.44 M -H~S O~ was added, and the resulting suspension was again treated for 90 min at 100 "C. The hydrolysates so obtained were neutralized and deionized with Dowex 50-H+. The oligomers from each polysaccharide were separated on paper chromatograms using the following solvent systems : A, ethyl acetate/pyridine/water (10 :4 : 3, by vol.); B, butanol/pyridine/water (6 : 4 : 3, by vol.); C, propanol/ethyl acetate/water (7 : 1 : 3, by vol.). Components were identified by silver staining (Dawson et al., 1959) .
Sequential enzymic hydrolysis. The isolated l4C-labelled glucan nets from C. albicans were incubated sequentially with specific glucan hydrolases. Each incubation was carried out in a gyrotary shaker at 200 r.p.m. The buffers used were supplemented with 0.02% (w/v) sodium azide and chloramphenicol (50 yg ml-*) to avoid bacterial contamination and each incubation mixture had a final volume of 2.0ml. Glucan (10mg) was suspended in 50 mM-phosphate buffer (pH 6.9) containing 5.0 mM-NaC1, and incubated with amylase from human saliva (4 mg) for 12 h at 30 "C. The supernatant was separated by centrifugation; the pellet was washed once, resuspended in 0.2 M-sodium acetate buffer (pH 5.4) and incubated with a mixture of endo-and exo-(l-+3)-/3-glucanase (Zymolyase) (10 mg) for 24 h at 37 "C. The residue from the Zymolyase incubation, after one wash in acetate buffer, was resuspended in 50 mwcitrate buffer (pH 4.5) and incubated with (1 +6)-/3-endoglucanase (10 mg) for 24 h at 37 "C. Finally, the (1 +6)-~-glucanase-resistant material was suspended in 0.1 M-phosphate buffer, pH 6, and treated with chitinase (5 mg) at 30 "C for a further 12 h. The supernatants from each enzyme incubation were combined with the washings and analysed for radioactivity and carbohydrate (Dubois et al., 1956) . NAcetylglucosamine was estimated by the method of Reissig et al. (1955) .
R E S U L T S
Electron microscopy of C. albicans glucan Purified glucan from regenerated spheroplasts exhibited an organized net structure when examined under the electron microscope. Fig. 1 shows an electron micrograph of a negatively stained, cleaned, fibrillar glucan net. The rope-like strands forming the nets appeared to be composed of interwoven microfibrils (inset of Fig. 1 ). It was difficult to measure the thickness of individual microfibrils as they aggregated to form bundles of varying thickness (Fig. 1) . Also, the length of these fibrils could not be estimated since in a net structure it is not possible to trace the microfibril from one end to the other.
Chemical analysis of glucan nets Total acid hydrolysis. The monosaccharide composition of the glucan was determined by preparing a total acid hydrolysate of the glucan. Glucose, mannose and arabinose were the only Fig. 1 . Fibrillar nets formed by regenerated C. albicans spheroplasts. The isolated nets, purified as described in Methods, were negatively stained with uranyl acetate for 30min and viewed under a Siemens 102 transmission electron microscope. The bar marker represents 0.5 ym (0.1 ym in the inset). sugars found in the hydrolysate. Glucose was the major product and accounted for 88.4% of the total monosaccharides; mannose and arabinose contributed 9.2 and 2.4% respectively (Table 1) .
Partial acid hydrolysis. Partial acid hydrolysates from the C. albicans glucan, laminarin and pustulan were analysed by paper chromatography in solvents A, B and C (see Methods). For positive identification of the oligomers, standard oligosaccharides and disaccharides (gentiobiose and laminaribiose) were also chromatographed. The glucan from C. albicans gave the following di-and oligosaccharides : laminari-biose, -triose and -tetrose ; gentio-biose and -triose, and unidentified oligomers which remained at the origin.
Periodate oxidation. The C. albicans glucan was subjected to periodate oxidation as were two other glucans of known structure : laminarin, a /?( 1 + 3)-linked polymer and pustulan, a p( 1 +6)-linked polymer. The amount of periodate consumed and formic acid produced was measured for each glucan at different time intervals. Each glucan produced formic acid and after 48 h there was no further acid production ( Table 2 ). The C. albicans glucan produced 0.37 mol formic acid per mol anhydroglucose; this was greater than the amount of acid produced by laminarin (0.14 rnol per mol anhydrohexose), but less than the acid produced by pustulan (0.93 rnol per rnol anhydrohexose). As with acid production, C. albicans glucan consumed more periodate than laminarin and pustulan consumed more periodate than the other two glucans (Table 2) .
Methylation analysis. Glucan, laminarin and pustulan from C. albicans were methylated three times using the modified Hakamori procedure (Hakamori, 1964 ) to obtain fully methylated glucan. The 0-methylated alditol acetates, produced after hydrolysis of each glucan, were separated by GLC. After hydrolysis, the C. albicans glucan yielded 0-methyl alditol acetates which were identified as 2,3,4,6-tetra-o-methyl, 2,3,4-tri-O-methyl, 2,4,6-tri-O-rnethyl and 2,4-di-0-methyl derivatives of glucose (Table 3) . Pustulan yielded only one major peak identified as 2,3,4-tri-O-rnethylglucose (87 %), a minor peak of 2,3,4,6-tetra-0-methylglucose (10%); and a trace amount of 2,4-di-O-rnethylglucose (Table 3) . Table 3 
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The peaks were identified from GLC retention times and also by adding authentic standards to the sample. The percentage composition was determined by making five copies of the GLC traces, cutting each peak and weighing it. The weights of all peaks were added and individual percentages calculated. The molar ratios were calculated from the percentage composition data. * Total radioactivity in the hydrolysate.
$ N-Acetylglucosamine equivalents released by chitinase treatment.
Glucose equivalents released by chitinase treatment.
With laminarin, the major peak was 2,4,6-tri-O-methylglucose (79.3 %). The minor peaks were 2,3,4,6-tetra-O-methyl (7.6%) and 2,4-di-O-methyl (7.2%) derivatives (Table 3) . A peak with a retention time corresponding to that of 4,6-di-O-methylglucose was also identified in the laminarin and C. albicans glucan hydrolysates.
Analysis of glucan structure by sequential enzymic hydrolysis The I4C-labelled glucan nets were subjected to sequential incubation with hydrolytic enzymes as described in Methods. After each incubation, the supernatant was separated and analysed for radioactivity and sugar (Table 4) . Amylase released only 0.7% of the radioactivity when incubated with the labelled glucan, and no sugar was detected colorimetrically. The pellet from the a-amylase incubation was then treated with Zymolyase (a mixture of endo-and exo-( 1 + 3)-Qglucanase). This incubation released 46% of the radioactivity, but the amount of sugar produced by this enzyme was only 0.65 mg as measured by the phenol/sulphuric acid method. The addition of more Zymolyase and a further 24 h incubation only released an additional 0.5% of 
albicans glucan by ( I -+3)-Q-and ( I -+ 6)-/3-glucanases
C. albicans glucan (45 000 c.p.m. mg-I ) isolated from regenerated spheroplasts was degraded with (1 +3)-/?-and (1 +6)-P-glucanases. In (a) the glucan (0.79 mg) was suspended in 0.5 ml 0.2 M-sodium acetate buffer, pH 5.4, and incubated with Zymolyase (0.3 mg) for 24 h at 37 "C. In (b) 0.27 mg (1 +3)-P-glucanase-treated glucan was suspended in 0.3 ml50 mwcitrate buffer, pH 4.5, and incubated with (1 -+B)-P-glucanase (0.1 mg) for 24 h at 37 "C. In both (a) and (b) the solubilized material was analysed by descending paper chromatography in the solvent system n-propanol/ethyl acetate/water (7 : 1 : 2, by vol.). Components were identified with silver nitrate and corresponding areas of the chromatogram were removed and counted in Bray's scintillation fluid. the radioactivity. Treatment of the Zymolyase-resistant material with (1 -+6)-/?-glucanase produced 0.85 mg sugar by the phenol/sulphuric acid method, but only 10.6% of the radioactivity. Finally, the residue from (1 +6)-P-glucanase incubation was treated with chitinase, which released a further 41 %of the radioactivity. The supernatant from the chitinase treatment contained N-acetylglucosamine (0.58 mg). The phenol/sulphuric acid method, which does not detect N-acetylglucosamine (Herbert et al., 1971) , was used to measure the remaining solubilized carbohydrates, and it was found that almost equal amounts of N-acetylglucosamine and glucose equivalents were released by the chitinase. The sugar released from (1 + 3)-P-glucan had a specific activity similar to that of the glucose in the regenerating medium (140000 c.p.m. mg-; Table 4 ). The specific activity of the material released by (1 -+6)-pglucanase, however, was lower. Table 5 shows the distribution of radioactivity in the different sugars produced by the action of Zymolyase [( 1 +3)-p-glucanase] and (1 +6)-P-glucanase on the isolated glucan. The (1 -+3)-pglucanase released oligosaccharides, with most radioactivity associated with laminaribiose and glucose. The ( 1 4)-P-glucanase produced primarily gentiobiose and gentiotriose. Hydrolysis of the methylated C. albicans glucan nets gave rise to four major 0-methyl ethers (Table 3 ). The value of 9.5 % for 2,3,4,6-tetra-0-methylglucose indicates a highly branched glucan. From the amount of the 2,4,6-and 2,3,4-derivatives, we conclude that 46% of the glucan is p(1-+6)-linked and 30% is p(1-+3)-linked. The presence of 9.5% of the 2,4-di-O-methylglucose confirmed the highly branched nature of the glucan. The 4,6-di-O-methylglucose probably originated from undermethylation. These data can be accommodated by either a highly branched mixed p(1-+3)/p(l-+6) glucan or two different branched glucans, one a p(1-+3) and the other a p(l46) polymer.
The periodate oxidation data are also in good agreement with the methylation analysis. A glucan of the composition shown in Table 3 would, theoretically, consume 0.84 mol periodate and produce 0.42 mol formic acid per mol anhydroglucose. These values are close to the values of 0-88 and 0.37 obtained experimentally for the periodate consumption and formic acid production respectively. Clearly these glucan nets contain highly branched P( 1 4 3)-and p(1+6)-linked glucose residues.
Two well-characterized polysaccharides, laminarin and pustulan, were subjected to periodate oxidation analysis to confirm the validity of the method. Theoretical values for periodate consumed and formic acid produced per mol anhydrohexose are 1.96 and 0.93 mol respectively for the pustulan and 0.17 and 0.09 mol respectively for laminarin, on the basis of the methylation results. Thus, the values for periodate consumption and formic acid production for pustulan were in excellent agreement with the theoretical values but for laminarin they were higher than the theoretical values. Ram et al. (1981) pointed to the mannose and mannitol present in laminarin to account for these higher values.
Enzymes of known specificity are used in glucan analysis and the products give information on the nature of linkage hydrolysed and, also, on the structure of the resistant residue. However, as pointed out by Duffus et al. (1982) , the lack of specificity of the enzymes available limits the usefulness of this approach. For some of the glucanases it has been shown that the specificity is controlled not by the linkage hydrolysed but by the adjacent linkage. For example, some endo-(1 +3)-/?-glucanases may hydrolyse either (1 4 4 ) or (1 +6) linkages in substrates containing both p(143) and a second type of glycosidic linkage (Duffus et al., 1982) . Thus, the specificity of the enzymes used in this study was tested. The four enzyme preparations used to study the glucan nets were or-amylase, Zymolyase [( 1 + 3)-P-glucanase], (1 +6)$-glucanase and chitinase. a-Amylase, when incubated with radioactive glucan, released only 0.7 % of the radioactivity and undetectable amounts of sugar. This result, with the methylation data, confirmed the absence of ~ ( 1 4 4 ) linkages in the glucan preparation. The small amount of radioactivity released could have arisen from contamination by intracellular glycogen.
Zymolyase is a mixture of exo-and endo-( 1 +3)-P-glucan hydrolase activities and has a specificity for chains of (1+3)-P-linked residues (Kitamura & Yamamoto, 1972; Ram et al., 1981) . This enzyme is free of a-and (1+4)-/3-, (1+2)-p-and (1+6)-/?-glucanase activities (Kitamura & Yamamoto, 1972; P. K. Gopal, unpublished) . When Zymolyase was incubated with the C. albicans glucan, 46% of the radioactivity was released from the nets and 23 % of the total carbohydrate was solubilized. These data indicate the presence of chains of p( 1 -+ 3)-linked glucose residues in the glucan. Laminaribiose and glucose were found to be the major products in the enzyme hydrolysates and the absence of gentio-oligosaccharides in the solubilized material rules out the possibility of intrachain p(1+6)-linked glucose residues in the P(1+3) glucan. This result is also supported by the results of the partial acid hydrolysis. The production of laminaribiose and glucose as the end products of the Zymolyase hydrolysis is at variance with the results of Kitamura & Yamamoto (1972) who reported laminaripentose as the minimum product of the hydrolysis. This disparity is probably due to the different incubation time of 2 h compared to 24 h in the present study. Further incubation of the Zymolyase-resistant material with fresh enzyme did not result in any further hydrolysis of the glucan. This result could mean either that there were no further (1 +3)-~-glucanase-susceptible linkages left in the glucan or that the physical state of the molecule was unfavourable for the enzyme hydrolysis (Rees, 1973) . Studies with cellulases and with purified p(1+3) glucans (Fleet & Manners, 1977) have shown that the physical state of the substrate can limit enzyme action. The specific activity of the sugars released by Zymolyase (94450 c.p.m. per mg carbohydrate) indicated that the majority of the p( 1 --+ 3) glucan was synthesized de nuuo during the regeneration of the spheroplasts.
(1 +6)-P-Glucanase solubilized 30 % of the (1 --+ 3)-/3-glucanase-resistant material. However, only 11% of the radioactivity was released by this enzyme, which indicates that before regeneration was initiated, the spheroplasts contained a substantial amount of / 3( 1 4 6 ) glucan. The presence of p(l+6)-linkages in the spheroplasts prepared with Zymolyase is not an unexpected result.
(1 --+ 6)-p-Glucanase hydrolysis produced gentio-oligosaccharides but 27 % of the radioactivity remained at the origin of the chromatogram. It is likely that oligosaccharides with a degree of polymerization higher than pentasaccharide are present in the hydrolysate. None of the oligosaccharides from the laminarin series (up to a degree of polymerization of 5) were detected
